A series of simulated rainfall-runoff experiments with applications of different manure types (cattle solid pats, poultry dry litter, swine slurry) was conducted across four seasons on a field containing 36 plots (0.75 × 2 m each), resulting in 144 rainfall-runoff events. Simulating time-varying release of Escherichia coli, enterococci, and fecal coliforms from manures applied at typical agronomic rates evaluated the efficacy of the Bradford-Schijven model modified by adding terms for release efficiency and transportation loss. Two complementary, parallel approaches were used to calibrate the model and estimate microbial release parameters. The first was a four-step sequential procedure using the inverse model PEST, which provides appropriate initial parameter values. The second utilized a PEST/bootstrap procedure to estimate average parameters across plots, manure age, and microbe, and to provide parameter distributions. The experiment determined that manure age, microbe, and season had no clear relationship to the release curve. Cattle solid pats released microbes at a different, slower rate than did poultry dry litter or swine slurry, which had very similar release patterns. These findings were consistent with other published results for both bench-and field-scale, suggesting the modified Bradford-Schijven model can be applied to microbial release from manure. 
INTRODUCTION
The United States Environmental Protection Agency (EPA ) reported that 35% of impaired rivers and streams (EPA a) in the United States had elevated levels of fecal indicator bacteria (FIB) which exceed water quality standards; this condition signifies the potential presence of pathogens. With more than 10,300 water body impairments identified nationwide, FIB are the most commonly reported evidence of water pollution and the largest class of pollutants with specified total maximum daily loads, which represent the maximum amount of a pollutant a waterbody can receive and still meet water quality standards (EPA b). Manure from farm animals and wildlife is a potential source of fecal contamination to water bodies and, therefore, a cause for public health concern; for example, poultry are responsible for 44% of the total feces production in the United States, followed by cattle (31%) and swine (24%) (Kellog et 
al. ).
There is evidence that release kinetics may differ by Guber et al. () concluded that the number and selection of manure components, along with experimental conditions (manure type, manure application, and irrigation rates and intensity, etc.), required additional study to quantify parameters describing the release of constituents from manure.
Parameters of microbial release models are typically estimated by solving the inverse problem (i.e., model calibration) on experimental data. Model calibration adjusts model parameters to a reference system (e.g., data) (Hofmann ) and has been shown to provide more information (e.g., standard error, confidence intervals) when combined with the bootstrapping statistical technique (Efron & Tibshirani ) . Bootstrapping allows estimation of the sample parameter distribution using simple methods (Varian ) , infers variability in an unknown distribution from which data are drawn by resampling, and assesses variable uncertainty by estimating confidence intervals (Felsenstein ) . Kim et al. () combined inverse modeling (Doherty ) with bootstrapping and Monte Carlo analysis to calibrate overland runoff parameters with a non-linear and highly parameterized model from available data.
In the present study, we modified the Bradford-Schijven model by adding modified release-efficiency and transportation-loss terms to estimate corresponding microbial release parameters using more plots in a natural setting, microbes, manure types, and aging times. The modified model was tested on 144 rainfall-runoff experiments on 36 plots including triplicates on the same field over four seasons (36 × 4), with three manure types (fresh cattle pats, dry poultry litter, swine slurry), aged over three time periods (0, 1, 2 weeks), with three FIBs (Escherichia coli, enterococci, fecal coliforms). Inherent difficulties in the process include reliance on a nonlinear model, parameters that are difficult to estimate, a highly parameterized model with respect to available data, and a lack of field-scale monitoring, all of which were illustrated by Kim et al. () .
MATERIALS AND METHODS

Field method
The study site was located in Watkinsville, Oconee County, Inc., Westbrook, ME, USA) was employed for E. coli and fecal coliform enumeration based on the most probable number approach and selective/differential growth media.
Enterococci were quantified by membrane filtration using US EPA Method 1600 (EPA ).
Model description
Bradford & Schijven () developed a mathematical model describing manure release to the aqueous phase:
where M mr t ð Þ is the cumulative released mass of manure at time t (Mass), M m0 is the initial mass of source manure at 
in which:
where M r t ð Þ is the cumulative amount of released manure components (e.g., microbes, organic carbon, water-extractable phosphate-P, total bioactive P, chloride) at time t (mass or cell number), M 0 is the initial amount of manure components in the source manure at t ¼ 0 (mass or cell number), E r is the maximum relative mass of a manure component that can be released into an aqueous phase and q is the rainfall intensity (L T À1 ). E r is considered a constant indicative of the entire time-varying release curve.
Equations (2) 
where E r t ð Þ is the microorganism release efficiency as a function of time, and b is a fitting parameter that accounts for microbe and manure properties (e.g., age, type, and form).
Note that Equation (4) with E r t ð Þ in Equation (2) and assuming that microbes are evenly distributed within source manure, the microbial release rate from the manure is as follows:
where M r t ð Þ is the cumulative released microbes at time t 
where E t t ð Þ is the fraction of microbes as runoff (i.e., microbial runoff to released microbes) at time t where
Þaccounts for microbial loss to soil during run-off, For application to plots containing aged manure, the microbial release rate accounting for transport becomes:
in which microbial die-off in manure after time t was accounted for, assuming linear first-order die-off according to Chick's law (Chick ; Crane & Moore ):
where M t t ð Þ is the cumulative microbes in the runoff at time t (Table 1) .
Approach for analysis
Two complementary Equation (9) Table 2 in Oladeinde et al. (2014) converted from the regression-based decimal log to natural log λ values.
obtained by PEST/bootstrap calibration, results were compared to observed microbial runoffs by Event and manure type (see Kim et al. () for more detail). Nash-Sutcliffe (NS) model efficiency between observed and calculated microbial runoff was estimated for each microbe by Event and manure type as:
where q o,i t ð Þ, q o , and q m,i t ð Þ are observed microbial runoff from the i-th case during time step t, its average value throughout the cases, and modeled microbial runoff from the i-th case during time step t, respectively [(mass or cell number) T À1 ]; w t ð Þ is the weight at time step t, based on the difference between time steps; T i is the number of observation time steps on the i-th case; and N is the number of cases.
RESULTS
Field experiment
Of 432 cases (144 plots × 3 microbes), 25% (108) were controls, and 75% (324) were plots containing manure. Twentyone percent were not quantifiable (e.g., too numerous to count or below the detection/quantification limit), and fewer than 6% had more counts in runoff than source.
Therefore, 48% (208) of the cases were included in the assessment: 53, 45, 59, and 51 cases for Events A through D, respectively. The distribution of these cases is summarized in Table 2 Table 2 ). Die-off rates were, therefore, combined across
Events and as a function of microbes. Median values with quartiles for E. coli, enterococci, and fecal coliforms for cattle, poultry, and swine are reported in Table 3 .
Shape of the release curve
The value of α controls the initial manure release rate, while β () surmised that parameter 'a' (related to α, see Equation (3)) reflects the erodibility of manure, which is influenced by 4.6 × 10
Ratio of absolute number of microbes in runoff to those in manure source. Note: any potential microbial cells in the soil were not factored into the recovery levels.
manure properties, raindrop energy, and salinity of irrigation water; with larger 'a' values, applied manure depletes faster.
Within the ranges of these experiments, modifications in α have only a slight impact on cumulative curves (shifting them up or down), while changes in β have a more profound impact. As α increases, applied manure depletes more quickly, and as β decreases significantly, the entire release curve increases. Although several third quartiles coincided with the upper limit (maximum α and β values of 100) described in Table 3 , this is not critical because sensitivities of α and β decrease as their values increase.
Release efficiency from manure
Bradford & Schijven () defined an E rp as the microorganism release efficiency describing the partitioning Table 3 . There were no apparent trends by seasons (Events A, B, C, D). 
Microbial release rates from manure
Values of λ, α, β, and b are documented in Table 3 , whose values can be used in computing the cumulative microbial release curves normalized to the viable microbes remaining in the source after aging (Figure 4 ): Table 3 by solid pats, and dry litter and slurry, respectively. Bounds of the first and third quartiles associated with our results (data in Table 3 , and gray and dashed areas in Figure 4 ) are also included on these plots.
DISCUSSION Field experiment
In Figure 
PEST and bootstrapping approaches
The results of the individual plot calibration from selected plots in Figure 2 show good match of simulated runoff with observations. However, when the cases are combined across plots, microbe, and manure age (Figure 3) , the comparison between simulated and observed microbial runoff illustrates high variability, resulting in poor performance in some cases.
The highly variable results were not unexpected within these (11) correspond to values in Table 3 Table 1 in Kim et al. () ).
Modeling parameters
First-order die-off rate
The λ values in Table 3 , respectively (see Table 3 ). (2002), (2) Schijven et al. (2004) , (3) Guber et al. (2013), (4) Equation (9), (5) Blaustein et al. (2015) , and (6) estimated in the present study (PEST and bootstrap).
Significantly lower microbial releases associated with the former two solid manure studies ( In our study, fresh cattle pats were unprotected during the simulated rainfall event, allowing matrix disintegration and sloughing of the surface so that, unlike slurry, the () noted differences in E. coli and enterococci running off plots of different manure types: E. coli was highest in plots with swine slurry and fresh cattle manure, and enterococci were highest in plots with fresh and aged cattle manure. During microbial salinity studies, Bradford & Schijven () hypothesized that differences between Giardia and Cryptosporidium (oo)cyst release rates are due to differences in organism size. If constituents had different release patterns from manure, b values for cattle manure in our study would be higher for E. coli than enterococci. We found no such trend; in fact, b values for enterococci were higher than E. coli (Table 3) , but in a range that did not have significant impact on differences in release rates. The value of b captures the trend of more microbes appearing in the runoff due to more being released from the manure.
The trend of median b values follows the microbial ratio in runoff from the source in only 20% of the total cases (Table 2) , however, suggesting that b is not strongly correlated to the microbe; thus, b was combined across microbes and documented in Table 3 .
Published data ( () noted that differences between the release of microbes from manure at fine temporal and spatial scales suggest situation-specific release processes for different bacterial groups/species. As scale increases, it is possible that such differences in release become less discernible. Also, due to expected increases in variability of microbial concentrations in land-applied manure with an increase in spatial scale (Guber et al. ) , one could expect that in a natural setting (i.e., on plots or field), there would be huge differences in microorganisms released, potentially resulting in a lack of noticeable differences in the release of different bacterial groups/species.
CONCLUSIONS
The monitored data from microbial rainfall runoff exper- Under aging, the number of viable (culturable) microbes in the manure decreased significantly over one-and twoweek periods after being exposed to all environmental conditions except precipitation. These results suggest the ratio of viable released microbes to the initial aged amount at the start of the rainfall simulation is similar, regardless of age. As the number of viable cells in the source decreased, the amount released also decreased, which has been described as a multi-stage release pattern by others such as
Martinez et al. ().
Given variability in monitored runoff results, which propagated to variability on model parameters (Table 3) The model also appears to be robust and applicable to many components (microbes, etc.).
